The concentrations of environmental tobacco smoke (ETS) to which workers are exposed have been measured, using nicotine or other tracers, in diverse workplaces. Policies restricting workplace smoking to a few designated areas have been shown to reduce concentrations of ETS, although the effectiveness of such policies varies among work sites. Policies that ban smoking in the workplace are the most effective and generally lower all nicotine concentrations to less than 1 pg/m3; by contrast, mean concentrations measured in workplaces that allow smoking generally range from 2 to 6 pg/M3 in offices, from 3 to 8 pg/M3 in restaurants, and from 1 to 6 pg/M3 in the workplaces of blue-collar workers. Mean nicotine concentrations from 1 to 3 pg/m3 have been measured in the homes of smokers. Furthermore, workplace concentrations are highly variable, and some concentrations are more than 10 times higher than the average home levels, which have been established to cause lung cancer, heart disease, and other adverse health effects. For the approximately 30% of workers exposed to ETS in the workplace but not in the home, workplace exposure is the principal source of ETS. Among those with home exposures, exposures at work may exceed those resulting from home. We conclude that a significant number of U.S. workers are exposed to hazardous levels of ETS. -Environ Health Perspect 1 07(Suppl 2): 329-340 (1999). http://ehpnetl.niehs.nih.gov/docs/1999/Suppl-2/329-340hammond/abstract.html
harmful physical agents under this subsection, shall set the standard which most adequately assures, to the extent feasible, on the basis of the best available evidence, that no employee will suffer material impairment of health or functional capacity even if such employee has regular exposure to the hazard dealt with by such standard for the period of his working life" (1) .
The OSHA hearings of 1994 to 1995 on the proposed regulation for indoor air quality included discussion on the magnitude and risk of ETS exposure in U.S. workplaces. Some witnesses indicated that exposures to ETS in the home exceeded those in the workplace, whereas other witnesses maintained that the workplace exposures were comparable to exposures in the home. This comparison of workplace and home exposures is relevant to OSHA's proposed regulation, as much of the information on the adverse health effects of ETS comes from studies of effects of exposure at home.
This article reviews studies of nicotine concentrations in the workplace and presents new data. Concentrations measured in the workplace are compared with those found in the home.
Rationale for Selection of Studies Reviewed
Studies selected for this review provide data on workplace concentrations of nicotine, a highly specific marker for ETS. Although several indicators have been measured as markers for ETS (2) , particles and nicotine have been used most widely. There are many sources of airborne particles, and the background concentration of particles varies in different environments, whereas nicotine is specific to smoking and hence to ETS. Consequently, this review focuses on studies of nicotine as a marker for ETS concentration and exposure.
The averaging time for measurement of nicotine concentration merits consideration in the context of the biologically relevant exposure metric; for example, the concentration of ETS averaged over a few minutes may be most relevant for acute health effects such as the onset or intensity of an asthma attack, whereas yearly average concentrations may be most relevant for chronic health effects. Available studies show that concentrations of indicators of ETS can be highly variable throughout a workday. For example, Muramatsu et al.
(3) measured real-time concentrations of particles and 15-min average nicotine concentrations in an office through the workday and found that particle concentrations varied from approximately 20 to 200 ,ug/m3. The 30-min average nicotine concentrations ranged from 2 to 26 pg/m3 with a mean of 10 pg/m3. For chronic health effects, e.g., cancer and heart disease, the short-term concentrations are less relevant than time-weighted average concentrations, and the short-term concentrations may not be indicative of risk because of their variability. Therefore, this review focuses on the more stable and relevant measurements of concentrations measured over longer periods of hours to days. The published literature of occupational exposure to ETS smoke was reviewed, and studies with data on airborne concentrations of nicotine in the workplace were included if the sampling time was over 1 hr.
samples were collected in 1981 to 1982 from workers at four U.S. railroads (4) . Two years later, an additional 275 full-shift personal samples for ETS were collected from workers at one of the railroads (5, 6) . Few other studies measured ETS exposure before 1988, about the time that smoking restrictions in the workplace were becoming increasingly widespread. Because policies restricting or banning smoking in the workplace may have substantial effects on ETS concentrations (7) , the studies reviewed are classified by the workplace smoking policy in place, if known. One source of data on ETS in the workplace developed from the 1991 to 1992 WellWorks study of 25 workplaces in Massachusetts. The aggregated data from 359 samples collected at nonsmokers' work stations in that study were previously published (7) . Here, we report the companyspecific data for the first time. Most of these workplaces (22 of 25) included both office areas and a variety of nonoffice areas such as printing shops, laboratories, fire stations, and production areas. Passive samplers for nicotine were placed at the work stations of smokers and nonsmokers and left in place for 1 week. The average nicotine concentration was calculated assuming the samplers were exposed to ETS during a 45-hr workweek, except for the firefighters, for whom a 1 12-hr exposure period was assumed.
A more recent study of 1,600 individuals in 16 (4) . The partide-phase nicotine levels were converted to vapor-phase nicotine concentrations to make the results comparable to those from subsequent studies in which vapor-phase nicotine was measured. This conversion included two steps. First, vaporphase nicotine concentrations were converted to ETS particle concentration by multiplying the concentration of nicotine in the composite samples by 92.4 pg ETS particles/pg particle-phase nicotine [the ratio determined experimentally in chamber studies using the same sampling and analytical methods (4, 10) ]. Second, the concentration of ETS particles was divided by 8.6 pg ETS particles/pg of vapor-phase ETS [the ratio determined experimentally in Schenker et al. (5) ] to yield the concentration of vapor phase nicotine]. The average exposure concentrations of nicotine among the clerks, dispatchers, and ticket agents were 5 to 15 pg/m3, whereas train crews and shop workers were generally exposed to 2 to 6 pg/m3. In the winter, levels were much higher in the shop of railroad III (Table 1) . These early data (1981-1982) on workplace exposure to ETS are limited by inclusion of samples from smokers and nonsmokers in the composites.
Two years after the original sampling, one of the railroads was visited again and vapor-phase nicotine concentrations were (12) . (Table 3 ).
In the late 1 970s, bingo game locales were one of the types of sites selected for measuring ETS, using respirable particles as an indicator (13) . Nicotine concentrations were also quite high in six personal samples collected at the bingo games in 100 . (19) . The samplers were left in place for a week, thus smoothing some of the daily variability; exposure was assumed to occur for 9 hr/day, 45 hr/week. Six samples were collected at smokers' desks, and 13 at other desks. While the average nicotine concentration at the smokers' desks was 10.7 (± 11.9) ,ug/mi3, the average at other desks was 2.5 (± 1.7) jg/m3. After the nonsmoking policy was implemented, the nicotine concentrations were reduced by about 98%. A similar sampling design was followed to evaluate the nicotine concentrations in the offices of two newspapers, 18 manufacturing facilities, and a union headquarters, as part of the Wellworks Study. The results of this and several other surveys, primarily of office buildings, are also reported in Table 6 .
In the study conducted by the Oak Ridge National Laboratory, the ETS exposures of approximately 100 people in each of 16 cities were measured with personal sampling over 1 day, with separate samplers for work and for the rest of the day (8) (20) . The participants who were office workers were reported to have a median exposure concentration of 1.9 and a 95th percentile of 14.9 jig/mi3. . achieved only after a sufficient period of One approach to examining the reasonIf one assumes that two of the seven smoking; at the beginning of the work ableness of these measurements is to pre-occupants smoke (prevalence of 29%) and day, the airborne concentration of nicotine dict concentrations of nicotine in offices that each one smokes two cigarettes per would be close to zero and then increase 
NonofficeWorkpaces
The variable efficacy of restricting smoking to designated areas in offices was also found in other work areas. Where smoking was restricted, three workplaces had average nicotine levels less than 1 pg/m3, whereas three others had average nicotine concentrations around 5 to 6 pg/m3. The same two companies with restrictions on smoking that had the highest nicotine concentrations in the offices also had higher nicotine concentrations in the nonoffice locations. All 13 workplaces that allowed smoking had at least one concentration measurement over 2 pg/m3, as did six of the seven companies that had restricted smoking. This was not true for the six companies that had banned smoking. Half those workplaces that allowed smoking had maximum concentrations of 10 pg/m3 or more, as did a similar proportion of those that restricted smoking. Although 4 of the 14 work sites that allowed smoking had highest concentrations over 20 pg/m3, only 1 work site that restricted smoking had a level as high. Average nicotine concentrations were less than or equal to 0.5 pg/m3 in the production areas of the six companies that prohibited smoking, and the maximum values measured were 1.1 pg/m3 in two of these companies, whereas levels in the other four companies were under 1 pg/m3. Figure 3 and Table 7 demonstrate the effect of smoking restrictions at the 25 workplaces surveyed in the WellWorks study (7) . A substantial percentage ofworkers were exposed to over 5 pg/r3 of nicotine when smoking was allowed. A quarter of office workers were exposed to 20 pg/m3 or more, whereas the upper 10% of nonoffice workers were exposed to over 7 pg/m3 when smoking was allowed. Although half the office workers were exposed to 9 pg/m3 or more of nicotine where smoking was allowed, only about 10% of office workers were exposed at this level where smoking was restricted, and none where smoking was banned. In offices where smoking was [nicotinel (#smo ker s) (#cigarettes smoke / hr / smoker) (gg nicotine emitted / cigarette) (volume of room, m3) (ventilation rate, air change/ hr) (adsorption loss) air changes per hr = (7 people)(20 ft3/min/person)(60 min/hr) = 0.84 air exchanges/hr (10, 000 ft3) [ni cot ine]steadys,-e = (2 smo ker s) (2 cigarettes / hr / smo ker)(1 800 jig ni cotine / cigarette) = 13.8 Rg/r 3 [°i] twate (283 M3 banned, over 90% of office workers were exposed to less than 2 pg/m3, and 82% to less than 1 pg/m3.
Comparison to ETS Levels Found in Homes
The average concentration of nicotine found in the homes of smokers has been measured in several studies (Table 8 ). The studies that involved at least 10 homes and were sampled for 14 (8) . The median concentration in the Minnesota homes was 3 pg/m3 (27) . These values are in contrast to workplace data that show median concentrations generally between (28) for details]. Half the 2,672 adult workers in this study reported they were not exposed either at home or at work, whereas almost onethird of workers were exposed only at work, 12% only at home, and 9% both at home and at work ( Because one-fourth of the time in a week is spent on the job (40 hr/168 hr), parity between home and occupational exposure occurs when occupational concentration is 3 times the home concentration. If ETS exposure at the median level found in the homes of smokers is assumed to be hazardous, and the a median home concentration is between 1 and 1.4 pg/m3 (Table 8) , an equivalent weekly exposure would be gained at an occupational-only concentration of4 pg/m3 nicotine.
The data summarized in Tables 1 to 6 demonstrate that nearly every assessment of ETS in the workplace has found some exposure concentrations over that level. Within the 16-city study data (8), the median home exposure concentration in areas where smoking was taking place was 1.4 ,g/m3, but 20% of those who worked in areas where smoking was allowed without restriction were exposed to over 3 times that concentration, or 4.5 pg/m3 or more. Five percent of workers at workplaces where smoking was allowed in that study were exposed to nicotine concentrations over 10 times the median home concentration [see Table 13 (31) has shown that large variability in a worker's daily exposure to air contaminants leads to a reduced probability of detecting a high exposure on any one day, even among those exposed above some occupational exposure limit. For example, if 10% of workers had yearly mean exposures in excess of the limit and the geometric standard deviation (GSD) for exposure in that workplace and job was 3.0, an indication of high variability, the probability that the air sample collected on any one day exceeds the occupational exposure limit is between 10 and 18%; if GSD = 1.5, a situation in which daily exposures are not very variable, then this probability is between 11 and 28%. Thus, any one measurement on one individual in a workplace is unlikely to exceed the occupational exposure limit, even when 10% of the workers are overexposed. Spear further shows that even if half the workers are overexposed, a single sample still has less than a 50% probability of being over that level. When the individual data are highly variable, capturing the highest exposures is quite difficult, as is estimating annual mean exposures.
Summary
Workplace smoking policies clearly make a substantial difference in the concentration of ETS in the workplace. Nicotine concentrations were much higher in both the office and nonoffice areas of work sites where smoking was allowed than in those workplaces that either restricted smoking to relatively few areas or banned it completely. However, policies that restricted smoking had uneven efficacy, which probably reflects differing implementations of policy, whereas complete smoking bans were quite effective.
Only one study, the study of railroad workers (5, 6) induded measurements of the personal exposures of workers on more than one day. In that study, each office worker sampled on four workshifts had over a 50-fold range in daily exposure to ETS. This high variability in exposure increases the likelihood that workers will be overexposed to this complex mixture of toxic air contaminants over a year period, even as it decreases the likelihood of measuring a high exposure on any one day (32) . This caveat must be borne in mind as results of workplace measurements are examined.
Several studies have now been performed to measure workplace exposure to ETS. The mean concentrations in offices were generally between 2 and 6 pg/m3 nicotine; in restaurants between 3 and 8 pg/m3, in bars between 10 and 40 pg/m3, and in other, diverse blue collar occupations, between 1 and 6 pg/m3, although some workplaces had higher means in all these locations. However, nearly all of these studies also reported much higher maximum concentrations; e.g., most offices studied had at least one sample with nicotine concentration over 10, whereas several offices had measured concentrations of over 40 pg/m3 (7, 18, (32) (33) (34) . These results are in agreement with predictions from modeling the range of office exposures (23) . These measurements are in contrast to nicotine concentrations in the homes of smokers, where the adverse health effects of ETS have been most clearly established, and Venerally average between 1 and 3 pg/m nicotine, with highest levels under 10 pg/rm3 except in the Minnesota study which reported a maximum of 29 pg/m3. Average workplace concentrations of nicotine in areas where smoking is allowed are commonly greater than concentrations in the homes of smokers, and the upper 5% of such workplace concentrations are over twice as great as the upper 5% of these home concentrations (8) (Figure 4 ).
According to the NHANES III study, the only nationally representative sample reported to date (28) , nearly 40% of U.S. workers report being exposed to ETS in the workplace. Furthermore, the workplace is the principal source of ETS exposure for three-quarters of these workers not exposed at home. Measurements of serum cotinine in these workers confirmed the measurements of airborne nicotine in the workplace, namely, that the workplace leads to significant ETS exposure compared to the home Despite the increase in policies restricting smoking in the workplace, a large fraction of U.S. workers continue to be exposed to significant levels of ETS.
